Quantum materials are epitomized by the influence of collective modes upon their macroscopic properties. Relatively few examples exist, however, whereby coherence of the ground-state wavefunction directly contributes to the conductivity. Notable examples include the quantizing effects of high magnetic fields upon the 2D electron gas, the collective sliding of charge density waves subject to high electric fields, and perhaps most notably the macroscopic phase coherence that enables superconductors to carry dissipationless currents. Here we reveal that the low temperature hidden order state of URu 2 Si 2 exhibits just such a connection between the quantum and macroscopic worlds -under large voltage bias we observe non-linear contributions to the conductivity that are directly analogous to the manifestation of phase slips in one-dimensional superconductors [1], suggesting a complex order parameter for hidden order.
Quantum materials are epitomized by the influence of collective modes upon their macroscopic properties. Relatively few examples exist, however, whereby coherence of the ground-state wavefunction directly contributes to the conductivity. Notable examples include the quantizing effects of high magnetic fields upon the 2D electron gas, the collective sliding of charge density waves subject to high electric fields, and perhaps most notably the macroscopic phase coherence that enables superconductors to carry dissipationless currents. Here we reveal that the low temperature hidden order state of URu 2 Si 2 exhibits just such a connection between the quantum and macroscopic worlds -under large voltage bias we observe non-linear contributions to the conductivity that are directly analogous to the manifestation of phase slips in one-dimensional superconductors [1] , suggesting a complex order parameter for hidden order.
For over 30 years the intermetallic heavy-fermion URu 2 Si 2 has remained at the forefront of the correlated electron problem due in part to the long-standing mystery surrounding the unknown broken symmetry associated with the hidden order state that exists below T HO = 17.5 K [2, 3, 4, 5] . Attempts to resolve the hidden order conundrum broadly fall into two classes of experiments. In the first class are symmetry resolving probes that have primarily focused on neutron scattering [6, 7] and more recently x-ray [8] and Raman spectroscopy [9] . In the second class are experiments that explore the thermodynamic response of hidden order, leading to the examination of the rich neighborhood of competing phases through the application of high magnetic fields [10, 11, 12, 4] and pressure [14, 15, 16] , as well as doping and isovalent substitution series [17, 18, 19, 20] .
As hidden order continues to defy clear identification we explore a new approach of probing the non-equilibrium state of the hidden order, allowing one to study the dynamics that are hidden in equilibrium experiments. Here we focus on applying a strong electric field to URu 2 Si 2 , driving the conductivity in the hidden order state beyond the linear regime, an experimental approach that has been pivotal to understanding other strongly correlated states such as vortex motion in superconductivity [21, 22] and spin-and charge-density waves [23] . In the latter case, the non-linear electric field response of density waves, i.e. density wave sliding, is a key experiment that can distinguish between a localized correlated density wave state and a trivial structural transition to a single-particle insulator. Until now, the application of an electric field has not been successfully used to study the behavior of the f -electrons in the hidden order state of URu 2 Si 2 [24] , largely due to the significant Joule heating associated with the induced currents that can occur when applying a large electric field across a metal. Furthermore, making electrical contacts to exotic metals usually results in contact resistances that are the dominant source of dissipation, even when they are only a few ohms. To mitigate such thermal effects we have employed Focused Ion Beam (FIB) lithography to tailor the geometry of URu 2 Si 2 to produce samples with much larger resistances than otherwise obtainable in small as-grown crystals [25] ; by ion milling long thin current paths on micronscales, the sample -not the contacts -are the dominant resistance, enabling the application of unprecedented electric fields to a metal at cryogenic temperatures.
The main observation reported here is an abrupt onset of increased dissipation within hidden order under large voltage bias. Given the "N"-type behavior of the negative differential conductance (NDC), whereby current is a single valued function of voltage, but voltage is a multivalued function of current, voltage controlled sweeps are necessary to map the NDC. (See Supplementary Information Section I for further results and discussion of current and voltage controlled measurements.) Consequently, in this work we set a dc voltage bias across the current carrying contacts to study the non-equilibrium state of hidden order. Figure 1(b) plots the current through a microstructured URu 2 Si 2 sample at 1.8 K in superfluid 4 He (for magnetic field between 0 and 15 T) as a function of the voltage drop between the non-current carrying contacts (V) and the resulting electric field, E = V /d, where d is the effective length of the sample. At a threshold electric field (E th ) the initial ohmic behavior abruptly gives way to a decrease in current, as the sample dissipation increases as shown in Figure 1 (c). Biased beyond E th , the resistance (and current) of the material collapses onto a single curve irrespective of the applied magnetic field. The lack of magnetic field dependence in this higher resistance state sharply contrasts with the factor of 20 difference in the ohmic response of the hidden order state between 0 and 15 T at zero voltage bias and is reminiscent of the lack of magnetoresistance observed in URu 2 Si 2 at temperatures above T HO (Figure 1(a) ). It would be natural to speculate that this transition corresponds to Joule heating through T HO , yet our sample self-consistently excludes this possibility. The absolute resistance value immediately above the threshold electric field is approximately half of the resistance at T HO -as highlighted by the right axis in Figure 1 (c) -therefore providing direct evidence of a sample temperature significantly below T HO .
The temperature stability of the voltage biased microstructure relies on its thermal contact with the substrate and direct immersion in superfluid 4 He at 1.8 K. Once we turn to the temperature dependence of the IV characteristics the cooling power of direct immersion is lost and the effects of self-heating are more evident. The temperature dependence was studied in 4 He gas at elevated temperatures, as shown in Figure 2 . Despite the evidence of Joule heating as indicated by the increase curvature in the nominally ohmic region -the defining characteristic of negative differential conductance (NDC) -an E th consistent with the measurements in superfluid helium at 1.8 K is observed. As highlighted by the shaded region in Figure 2 . Furthermore, the PDC emerges from the zero bias resistance peak of the hidden order transition and corresponds with the absolute resistance value at the hidden order transition for this particular sample R HO = 100 Ω (Figure 2(b) ). Crucially, this confirms that while self-heating is clearly present in these measurements, the experiment itself can self-consistently distinguish it from the electric field driven increase in dissipation coinciding with the NDC. As a result, the PDC region can be attributed to the thermal suppression of the hidden order due to Joule heating, defining the PDC in Figure 2 (c) as an isotherm at T HO ∼ 17.5 K, providing an upper temperature bound on the observed NDC (blue features). This requires that the primary NDC region is not only occurring within the hidden order state, but that it also does not preclude the thermal suppression of hidden order at higher temperatures. This rules out the drop in current at E th as the suppression of hidden order. At electric fields beyond the primary NDC region additional weaker signatures of NDC appear as blue branches at low temperatures in Figures 2(b) and as small steps in Figure 2 (c), and are consistent with variations in electric field along the sample due to differences in the effective width of the corners of the meander.
The existence of a threshold electric field provides a means of investigating the non-linear dynamics of the hidden order state in URu 2 Si 2 . Since electric field does not naturally provide an intrinsic energy scale, it is necessary to consider the length scale over which it acts. For singleparticle phenomena, such as the NDC exhibited by an Esaki diode [26] or a superlattice driven into a Bloch oscillator regime [1, 2] , this scale is provided by the device dimensions parallel to the electric field. For the hidden order state in URu 2 Si 2 knowledge of the electronic lifetime and dispersion from magneto-quantum oscillation measurements rules out the observed NDC arising from an intrinsic (unit cell) length scale by several order of magnitude (see details in Section III of the Supplementary Information). This leads to the conclusion that the observed NDC is related to the correlated nature of hidden order. For many-body phenomena NDC is distinctly "S" or "N"-type, depending upon whether the state is intrinsically localized or itinerant. For the former, the non-linearity is characterized by an increase in conductivity, as displayed by the sliding of a charge density wave (CDW) beyond a threshold electric field when it depins [23] . By contrast an intrinsically conducting condensate exhibits increased dissipation once the electric field is sufficient to discontinuously distort the phase. In one-dimensional superconductors such phase slips [29, 30] are evident as the latter "N"-type NDC. The IV characteristics of URu 2 Si 2 presented here indicate that the hidden order does not exhibit CDW like pinning, rather behaving as an itinerant condensate.
Phase slips [31] describe the non-linearity observed in superconductors whose transverse dimensions are smaller than or comparable to their Ginzburg-Landau coherence length, ξ [32] . In these contexts superconducting phase slips are topological deformations of the order parameter, Ψ(r) = |Ψ(r)|e iφ(r) , that result in a φ = 2π phase shift leading to a state with lower current and consequently lower free energy. While nothing in URu 2 Si 2 points towards one-dimensionality, we suggest that the microstructuring of the sample reduces its effective dimensions to one. Thus, the effective diameter of the crystalline structure is so small that no phase gradient can be supported across the width of the meanders but only along the length. This scenario suggests that the hidden order has a complex order parameter whose effective coherence length approaches the single meander length of ∼ 70 µm -consistent with the suggested tens-of-micrometer domain size implied through magnetic anisotropy measurements [33] .
If the IV character observed in this work is indeed indicative of phase slips, then it would be the first observation of the behavior in a non-superconductor or in material well above its superconducting transition temperature. Given this new context in which we have observed evidence for current carried via the gradient of a non-superconducting wavefunction, Figure 3 illustrates the spatial variation of phase both above and below the threshold electric field. For a coherent perturbation of the condensate, current I is proportional to the gradient of phase, ∇φ. At voltages V 1 < V th , the sample exhibits ohmic behavior with a continuous evolution of phase along the sample. For a voltage larger than the threshold voltage, V 2 > V th , the sample contains phase slip centers at various x where the phase discontinuously jumps by 2π, such that the phase gradient away from the discontinuities decreases (∇φ 1 > ∇φ 2 ) resulting in a decrease current at high voltage. The threshold field E th being determined by a balanced energy cost of these phase distortions and the reduction in current density.
To investigate the intrinsic nature of the apparent phase slips, measurements were ultimately carried out on three different microstructured URu 2 Si 2 samples (Figures 4(a) ) with varying electrical and geometrical properties as described in Table 1 and in greater detail in Supplementary Information Section II. Despite the sample variations the threshold electric field values and current density thresholds are comparable for all three samples as a function of magnetic field and temperature as shown in Figures 4(b-e) . To further explore the possibility of phase slips in the hidden order state of URu 2 Si 2 a direct study of the phase coherence would be beneficial. Despite all materials being bound by quantum mechanics only a very limited subset display the macroscopic manifestation of phase coherence that qualify them as quantum materials. If what we are observing in these microstructured URu 2 Si 2 samples is indeed phase slip behavior, it indicates that hidden order should be considered in such terms [34] . Specifically since the phase slips are occurring within the hidden order state, it follows that the state's order parameter must (at a minimum) be complex, i.e. the system must possess macroscopic (over the micron scale of our devices) coherence of a generalized-phase, the gradient of which carries current. Since there is no evidence that the hidden order is pinned to the lattice, such as in the case of charge density waves, it raises the question as to why this state does not carry a dissipationless supercurrent, drawing analogy to the finite resistance of one-dimensional superconductors.
Data Availability
The data that supports the findings of this study are available from the corresponding author upon reasonable request.
Supplementary Material I. Experimental Method
Four-terminal resistance measurements, including IV sweeps and differential conductance were performed on all three microstructured samples of URu 2 Si 2 (labelled A, B, and C) to investigate the apparent phase slips in the hidden order state of the material. Two-terminal measurements were also performed on samples A and B to calculate the contact resistance. Given the "N"-type negative differential resistance -where current is a single valued function of voltage, but voltage is a multivalued function of the current as shown in Figure 5 (a) -voltage controlled sweeps were used to capture the complete IV character of the phase slip behavior in these samples. For completeness current controlled measurements, which give rise to "S"-type negative differential resistance -where voltage is a single valued function of current, but current is a multivalued function of the voltage as shown in Figure 5 (b) -were obtained on sample A at various temperatures, some of which are shown in Figure 6 , where arrows are used to denote changes in voltage due to increasing or decreasing current. Graphing both current and voltage driven results together for representative temperatures of sample A, as shown in Figure 7 , highlights the loss of information but otherwise accurate results obtained from current driven measurements.
II. Electrical Transport Data for Samples B and C
As reported in the main text for sample A, both samples B and C are measured in two different ways. 1) A continually sweeping voltage bias is applied along the sample emerged in superfluid 4 He at 1.8 K for magnetic fields between 0 and 15 T. 2) A continually sweeping voltage bias is applied along the sample at zero magnetic field for constant temperatures both above and below the hidden order transition temperature, T HO .
i. Sample B
Sample B has a microstructured pattern similar to A but with less meanders, resulting in a slightly lower resistance value at the base temperature of 1.8 K as noted in Table 1 of the main text. Consequently, the resistance value at hidden order, R HO and the residual resistivity ratio (RRR = ρ 300K /ρ 1.8K ) for sample B are much smaller than sample A at 14Ω and 14.8 Ω respectively, as shown in Figure 8 . Figure 9 (a) plots the current through the microstructured sample as a function of voltage (and electric field) in superfluid 4 He at different magnetic fields. Qualitatively the observed behavior is similar to what was reported in the main text for A; at a threshold electric field the initial ohmic behavior abruptly changes with the onset of increased dissipation within the hidden order state. However in this sample the transition to the more dissipative state is less pronounced than what was observed in sample A. This is most notable at the highest magnetic fields where there is no sharp current maximum. Additionally at higher magnetic fields effects of heating become increasingly apparent, as indicated by deviations from linear behavior before E th . The heating effects are more discernible when the data is graphed as a function of resistance versus voltage as in Figure 9 (b). This heating is consistent with the sample resistance at 1.8 K for sample B being comparable to the contact resistance (R contact ∼ 5.1 K) over the entire magnetic field range, which results in more Joule heating. Despite this observed heating, the threshold electric field up to 15 T still occurs below R/R HO = 1 (right axis, Figure 9 (b)), indicating that the observed behavior is still due to phase slips and not heating through T HO .
The temperature dependence of the IV character in sample B at elevated temperatures between 2.6 K and 20 K is shown in Figure 10 . As observed in sample A, a region of negative differential conductance (NDC, highlighted region) exists for the lowest measured temperatures and corresponds to the increased dissipation in the hidden order state associated with the development of phase slips in the material at E th . The positive differential conductance behavior is observed for the lowest temperatures and is denoted by the black dotted line in Figure 10 . As was the case in sample A, this positive differential conductance behavior corresponds to the thermal suppression of hidden order and therefore bounds the negative differential conductance behavior firmly within the hidden order state. However, unlike sample A, it appears as if T HO is reached at all nominal temperatures due to heating from the applied voltage in sample B.
ii. Sample C The structure of sample C differs significantly from the other two samples examined in this study, as it consists of only one thin bar, an order of magnitude shorter than the other two samples. As a result, both the resistance at 1.8 K and at T HO were significantly smaller for this sample at 20 mΩ and 1.47 Ω respectively. In contrast to the small resistance values, the RRR of sample C is the largest of all three samples at 115, and the magnetoresistance at 1.8 K changes by an order of magnitude similar to that of sample A, as shown in Figures 11 .
Unlike the two previously discussed samples, voltage controlled measurements on sample C were complicated by a contact resistance two orders of magnitude larger than the sample's resistance at 0 T and 1.8 K. Consequently, the contacts act as the primary source of dissipation, resulting in significant Joule heating, and eliminating the ability to control the electric field along the sample -as opposed to the current -via the applied voltage. This lack of voltage control in sample C measured in superfluid 4 He at 1.8 K at different magnetic fields results in an IV character that is qualitatively similar to current control measurements ( Figure 5(b) ), as shown in Figure 12 . Nevertheless, the electric field at which the IV discontinuity occurs is consistent with the other devices despite the very different geometries. It is of interest to note that the current values at E th appear current limited, i.e. the maximum current is the sample for all E th (B) and as a result maximum current densities for this sample as a function of magnetic field are not included in Figure 3 (d) of the main text. As with the other samples, the magnetic field dependence of the IV character for sample C can also be graphed as resistance versus voltage (and electric field) as shown in Figure 12(b) , however the amount of information gained from examining the data this way is limited given the large range over which no values are recorded.
The temperature dependence of sample C's IV character appears "S"-type in so much that there are large discontinuities in the data at the lowest temperatures, shown as dotted lines in Figure 13 , which hide the complete signature of the phase slips. Joule heating is also observed over a large range of elevated temperatures, where the suppression of hidden order due to heating through T HO corresponds to the small increase in current as emphasized by the black dotted line in the figure. Nevertheless, the estimated threshold electric fields and maximum current densities for sample C show qualitatively similar temperature dependence as observed in samples A and B, further supporting the intrinsic nature of the reported phase slip behavior even in samples with very different geometries and RRR values.
III. Energy and Length Scales
Although we have ruled out the possibility of the negative differential conductance behavior reflecting the suppression of hidden order due to the application of an electric field it is still informative to look at the energetics of the applied electric field on URu 2 Si 2 in the context of both purely local and itinerant electron behavior. Since electric field does not intrinsically provide an energy scale, it is necessary to look at the length scale over which it acts. If we consider the f -electrons as itinerant, then one can think about the effect of an electric field as a displacement of the Fermi surface away from its equilibrium position in the band structure. This acceleration of charge is balanced by scattering events that typically prevent large Fermi surface displacement and a metallic crystal from entering the regime of Bloch oscillations [1] . While never observed in normal 3D metals, artificial superlattice structures can be engineered such that the carriers can be accelerated past the point of the band inversion, in which case the Bloch oscillator regime presents as a similar region of NDC, whereby current decreases with increasing voltage [2] . To estimate the Fermi surface displacement a scattering rate τ for each pocket of the Fermi surface is estimated using quantum oscillation measurements performed on similar residual resistivity ratio (RRR) samples [3, 4] , as the magnetic field at which the onset of quantum oscillations occurs is proportional to the cyclotron frequency (ω C τ ≈ 1). Furthermore, the temperature dependence of the oscillation amplitude provides an independent measure of the effective mass, m * , and hence the cyclotron frequency, ω C = eB m * , where e is the electronic charge and B is the applied magnetic field. Based on our experimental results that provide a threshold electric field on the order of 100 V/m, in combination with a relaxation time on the order of 5 ps, the estimated Fermi surface displacement, ∆k = eEτ h , ends up being four orders of magnitude smaller than the zone boundary which corresponds to the approximately 4Å unit cell.
One can also consider the effect of electric field upon the local f-electron energetics. When acting on an atomic scale (∼ 1Å) the observed threshold electric field is a perturbation five orders of magnitude smaller (10 neV) than the hidden order energy scale of 2 meV and relevant spinorbit and crystal-field energies [5] . Comparing both purely local and itinerant behavior suggests that neither picture is sufficient to explain the significant effect of the observed threshold electric field, suggesting that it must be acting upon a length on the order of tens-of-thousands of unit cells, i.e. one-to-tens of micrometers, a length comparable to the lateral device dimensions. This length scale is also compatible with the observation of phase slips in the devices. Since phase slips in 1D superconductors are only observed when the transverse dimensions are less than ξ, it implies that the width of the devices, ∼ 1 µm, are smaller than the coherence length of the hidden order wavefunction and that the coherence length approaches the single meander length of the two larger devices, ∼ 70 µm. Figure 11 : Four-terminal resistance for sample C as a function of temperature at constant magnetic fields up to 15 T. The inset shows the entire temperature range of the resistance at zero magnetic field from which the residual resistivity ratio (RRR) is determined. T HO denotes the temperature at the hidden order transition. figure  corresponds to the ratio of the measured resistance (R) to the resistance at hidden order (R HO ) in this sample. The low resistance value of the sample in comparison to the contact resistance gives rise to IV character that is more similar to current-controlled measurements; nevertheless, representative threshold electric fields, E th are labelled accordingly. Figure 13 : Current as a function of the resulting electric field (due to an applied voltage) for sample C between 1.8 K and 20 K. The current controlled behavior in this sample is revealed in the discontinuity of the data at low temperatures, given by the colored dotted lines, that obscure the full IV character of the phase slips. The black dotted line emphasizes the suppression of hidden order due to heating through the transition temperature.
